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Abstract
The cone ‘synaptic complex’ is a unique structure in which a single presynaptic axon secretes glutamate onto processes of
bipolar cells (both ON and OFF) and horizontal cells. In turn, the horizontal cell processes antagonize cone and bipolar responses
to glutamate (probably by GABA). What still remains largely unknown is the molecular identity of the postsynaptic receptors and
their exact locations. We identified several subunits of the glutamate receptor and the GABAA receptor expressed at the cone
synaptic complex and localized them ultrastructurally. Glutamate receptors: (i) Invaginating (probably ON) bipolar dendrites in
the monkey and rat express the metabotropic glutamate receptor, mGluR6. The stain is intense on the dendritic membrane where
it first enters the invagination, and weak at the tip nearest to the ribbon. The cone membrane is electron-dense where it apposes
the intense stain for mGluR6. Surprisingly, invaginating bipolar dendrites in the cat also express the AMPA receptor subunits,
GluR2:3 and GluR4. (ii) Dendrites forming basal contacts in the cat (probably OFF) express the AMPA subunits GluR2:3,
GluR4, and also the kainate subunit, GluR6:7. The stain is especially intense at the dendritic tips in apposition to electron-dense
regions of cone membrane. (iii) Horizontal cells in the cat express the AMPA subunits GluR2:3, GluR4 and the kainate subunit,
GluR6:7. The stain is strongest in the cytosol of somas and primary dendrites, but is also present in the invaginating terminals
where it localizes to the membrane subjacent to the ribbon. GABAA receptors: (i) ON and OFF bipolar dendrites in the monkey
express the a1 and b2:3 subunits. The stain is localized to the bipolar cell membrane in apposition to horizontal cell processes.
(ii) Cones did not express the GABAA subunits tested by immunocytochemistry, but b3 mRNA was amplified by RT-PCR from
rat photoreceptors. Conclusions: (i) mGluR6 receptors concentrate on dendrites at the base of the invagination rather than at the
apex. This implies that receptors at both ‘invaginating’ and ‘basal’ contacts lie roughly equidistant from the release sites and
should therefore receive similar spatiotemporal concentrations of glutamate. (ii) The ‘cone’ membrane is electron-dense opposite
to the receptor sites on both ON and OFF bipolar cells. This suggests a special role for this region in synaptic transmission.
Possibly, these densities signify a transporter that would regulate glutamate concentration at sites remote (\200 nm) from the
locus of vesicle release. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
The first visual synaptic relay, i.e. the cone synaptic
complex, is unique among CNS synapses both in its
complexity and specialization. The cone terminal itself
transmits to as many as 500 postsynaptic elements [1,2]
belonging to about 12 different cell types [3–7]. Also at
this complex, processes of horizontal cells feed lateral
information to both cones and bipolar cells [8–10]. The
synaptic contacts in this complex are highly specialized,
and two in particular, the ‘invaginating’ and the ‘basal’
contact, have received attention [11]. At the invaginat-
ing contact, synaptic vesicles which are tethered to the
synaptic ribbon are ‘docked’ where the ribbon anchors
to the presynaptic membrane. Postsynaptically, there
are two lateral horizontal cell processes directly appos-
ing the presynaptic release sites and 1–4 central bipolar
dendrites (commonly ON) located farther from the
release sites. At the basal (or flat) contact, the cone
employs an electron-dense membrane which lacks clus-
tered vesicles and apposes a bipolar cell dendrite (com-
monly OFF), whose membrane is also electron-dense.
Another contact, possibly important but neglected, ex-
ists between the cone and the ON bipolar dendrites at
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the mouth of the invagination. Here the cone mem-
brane is electron-dense with ‘fluffy’ submembranous
material, but the apposing bipolar membrane appears
unspecialized [12,13].
The chemical architecture of the cone synaptic com-
plex is less understood. The cone transmitter has been
identified as glutamate [14], but the exact identity and
localization of the receptors for glutamate have not
been established. Horizontal cells in the cat and mon-
key are thought to be GABAergic because they con-
tain GABA and glutamic acid decarboxylase (GAD)
[15–17], but this remains controversial in other spe-
cies. For example, in rabbits, GABA and GAD65 are
down-regulated during development [18] and GABA
cannot be detected in the horizontal cell terminals in
the adult [19]. However, recent evidence show that all
horizontal cell terminals, in the adult, do express
GAD67 [20]. The mechanism of release is also not well
understood. GABA is thought to be released by a
transporter mediated mechanism [21], but the trans-
porter has not been identified [22]. Postsynaptically,
several subunits of the GABAA receptor are associ-
ated with the synaptic complex, but none so far were
localized to photoreceptors. Here we summarize our
progress on these issues.
2. Methods
2.1. Tissue preparation
Eyes were obtained from an adult monkey, cat and
rat under deep pentobarbital anesthesia. Monkey reti-
nas were obtained from the laboratory of Dr Ehud
Kaplan (M. fascicularis ; for GABAA receptor local-
ization), and from the Primate Center (Alice, TX; M.
mulatta ; for mGluR6 localization). All experiments in-
volving animals were done in compliance with Federal
regulations and the University of Pennsylvania policy.
Following enucleation, the animals were sacrificed by
anesthetic overdose. The posterior half of each eye
was fixed by immersion for 1 h either in buffered 4%
paraformaldehyde and 0.01% glutaraldehyde, for most
experiments, or in a mixture of 4% paraformaldehyde,
0.05% glutaraldehyde and 0.2% picric acid for the
localization of GABAA receptors. Following fixation,
the eyes were rinsed in buffer, soaked overnight in
30% buffered sucrose, and freeze thawed (1–3 times).
A piece of retina, about 1 mm dorso-lateral to the
optic disk, was cut out, embedded and sectioned at
the Vibratome (50–100 mm).
2.2. Immunocytochemistry
Sections were incubated in primary antibody diluted
in phosphate buffer including 10% normal goat serum
and 5% sucrose for 2 days in 4°C; rinsed; incubated
in secondary antibody conjugated to horseradish per-
oxidase (HRP) for 3 h in room temperature, rinsed
and developed with 3,3%-diamino-benzidine tetrahy-
drochloride (DAB). For certain experiments the DAB
reaction product was intensified by the gold-substi-
tuted silver-intensified peroxidase method (after [23]
modified from [24]). The tissue was then osmicated
(1.5% osmium tetroxide, 60 min); dehydrated in 50%
and 70% methanol; stained with 1% uranyl acetate in
70% methanol (60 min); dehydrated in methanol;
cleared in propylene oxide; and embedded in Epon
812. Ultrathin sections (silver-gold) were mounted on
formvar-coated slot grids and stained lightly with lead
citrate and uranyl acetate.
2.3. Antibodies
Polyclonal antibody for the rat mGluR6 (gener-
ously donated by Dr Nakanishi; used at 1:1000) was
generated against a synthetic peptide corresponding to
the carboxy-terminus of this receptor. Its specificity
was previously established [25]. Polyclonal antibody
for human mGluR6 was also generated against the
carboxy-terminus of this receptor, but this sequence
differed from that of the rat [26] (used at 1:5000); its
characteristics will be described elsewhere. Polyclonal
antibodies against the carboxy-termini of GluR1, 2:3
and 4 (1:60–80) were obtained from Chemicon Inter-
national (Temecula, CA). Polyclonal antibody for
GluR 6:7 (1:100) was kindly provided by Dr Richard
L. Huganir (Howard Hughes Medical Institute, John
Hopkins School of Medicine, Baltimore, MD). All of
these antibodies recognized the intracellular domains
of the receptors. Monoclonal antibodies for the
GABAA a1 and b2:3 subunits (bd-24 and bd-17, re-
spectively) were generously donated by Dr J.G.
Richards, and they recognized an epitope located on
the extracellular domain of the receptor subunits.
2.4. Reconstruction and cell identification in the rat
stained for mGluR6
Cone pedicles, horizontal cell terminals, and cone
bipolar dendritic tips were reconstructed according to
previously published methods [5,27] from 31 serial sec-
tions (total thickness of about 2.5 mm). Several criteria
were used to discriminate between cell profiles: (i) Cone
pedicles have dark cytoplasm packed with synaptic
vesicles; (ii) Horizontal cell terminals invaginate the
pedicle, and their cytoplasm is very pale; (iii) Horizon-
tal cell dendritic stalks approaching the pedicle were
traced to their invaginating terminals so as to distin-
guish them from bipolar dendritic tips; (iv) Bipolar
dendritic tips are typically apposed to dense cone mem-
brane; and (v) Half of the bipolar dendritic tips were
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Fig. 1. Immunostaining for mGluR6 (monkey, peripheral cone terminals, electron micrographs). The stain (gold particles) is present in
invaginating bipolar (ib) dendrites that occupy the central position of the synaptic triad. The stain is not present in dendrites forming flat (or basal)
contacts (f). Small arrows point to synaptic ribbons. h, horizontal cell terminals; c, region of cone terminal that apposes the invaginating bipolar
cell.
Fig. 2. Immunostaining for mGluR6 (rat, electron micrograph). The cone pedicle (outlined) forms ‘basal-like’ contacts (double arrows) with some
stained dendrites and invaginating contacts (ib) with others. Roughly half of the dendrites contacting the cone are stained. Invaginating unstained
processes near synaptic ribbons (r) are horizontal cell terminals, two of which are labeled (h).
stained with gold-intensified DAB, so they could be
discriminated from the neighboring unstained tips.
2.5. Photoreceptor isolation
Rat retina was cut into pieces and incubated in
Hanks medium (Gibco BRL Products, Gaithersburg,
MD) containing 0.5 mM EDTA, 0.1 mg:ml cysteine
and 0.8 mg:ml papain (Worthington Blochemical, Free-
hold, NJ) for 5–10 min at 28–30°C. Pieces of retina
were then rinsed in Hanks buffer, and gently triturated
with a fire polished pipette (1.5 mm tip diameter). A
drop of the cell suspension was diluted ten-fold, and
placed on a glass cover slip coated with concanavalin A
(Sigma, St. Louis, MO). Cells were allowed to settle for
about 10 min and viewed under an upright Laborlux
Leitz microscope. Photoreceptors (isolated or small ag-
gregates) were aspirated into a conventional glass mi-
cro-electrode with a tip diameter of 1–2 mm. The
aspirated cells were expelled into a micro-tube and kept
frozen until use.
2.6. RT-PCR
Total RNA (either from the rat whole retina or from
groups of dissociated photoreceptors) was extracted
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Fig. 3. Immunostain for mGluR6 is present in most serially reconstructed invaginating cone bipolar cells (rat). (A): Tracing of two radial sections
of the same pedicle (medium shade) showing two ribbons (r), horizontal cell terminals (light shade), stained bipolar dendrites (dark shade) and
unstained bipolar dendrites (unshaded). The stained dendrite marked by ‘*’ in both sections is the same: it forms an invaginating contact in section
3 and a ‘basal like’ contact in section 7. (B): Cone pedicles, ribbons and dendritic tips were reconstructed from 31 radial sections. The outline of
the cone pedicle in the tangential plane was determined, and ribbons and dendritic tips were projected onto this plane. Because a three-dimensional
image is projected to a two-dimensional plane, the actual projections are complicated and overlapping. Therefore, the structures were simplified,
and are represented as dark lines for ribbons, filled circles for stained dendritic tips, and empty circles for unstained dendritic tips. Circles designated
by ‘i’ are invaginating dendritic tips found to be associated with a ribbon. This figure illustrates that: (i) about half of the dendritic tips were stained;
(ii) most stained dendritic tips are associated with a ribbon; and (iii) most unstained dendritic tips are farther away from the ribbon.
Fig. 4. Localization of immunostaining for mGluR6 within the invaginating dendrite (ib) in the rat (A) and monkey (B; electron micrographs).
Stain (large arrows) concentrates at the base of the dendritic tip which apposes the electron dense region of the cone terminal (c). Stain is absent
at the apex of the dendrite which apposes the horizontal cell terminal (h). In A, the triad is shown in a typical view as a cross-section; note that
the invaginating dendrite is located about 400 nm from the ribbon (site of exocytosis). In B, the triad was sectioned parallel to its long axis, thus
only one horizontal cell terminal (h) is seen, and it parallels the ribbon (small arrow). The dendrite labeled ‘ib’ can be identified as an invaginating
bipolar dendrite both by its position below the horizontal cell terminal and by the electron dense cone membrane apposing it.
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Fig. 5. Immunostaining for ionotropic receptor subunits (cat; electron micrographs). (A): GluR6:7. A stained dendrite forms a basal contact
(arrow). The invaginating bipolar (ib) and other bipolar cells were unstained in this section. (B): GluR2:3. Stained invaginating dendrite (ib). (C):
GluR6:7. Paired horizontal cell terminals in a tangential view at a region of apposition. A synaptic ribbon is present in an adjacent section,
approximately 100 nm above this plane. Stain (arrows) is present in one of the terminals along the line of apposition. r, ribbon; h, horizontal cell
terminal.
Fig. 6. Immunostaining for GABAA, a1 (monkey). The stain concentrates on bipolar cell dendrites beneath cone pedicles, and in apposition to
horizontal cells. The stain is present at both invaginating (ib) and flat (f) dendritic tips. This cannot be due to diffusion of DAB reaction product
because the stain is absent from the cleft between horizontal processes (h) and cones (c). Regions of bipolar membrane apposing horizontal cell
processes (long arrows) stain more strongly than other regions (short arrows). r, ribbon.
and purified (acid-guanidium and phenol-chloroform).
Reverse transcription (RT) was carried out on 2–5 mg
total RNA in 20 ml buffer containing 50 mM Tris–
HCl, pH 7.4, 60 mM KCl, 10 mM MgCl2, 1 mM
dithiothreitol (DTT), 1 U:ml RNase inhibitor, 0.5
mM of each dNTP, 500 pmole of random hexamer
(or 100 pmole oligodT) and 200 U of Super II M-
MLV reverse transcriptase (Gibco BRL, Gaithersburg,
MD). The RT reaction was run at 42°C for 50 min;
PCR was run with 2 ml of the cDNA products from
the RT reaction. The PCR buffer contained 10 mM
Tris–HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl2, 0.4
mM dNTP, 0.2 mM 5% and 3% primers and 2.5 U of
AmpliTaq (Perkin Elmer Cetus, Norwalk, CT). PCR
was performed on a programmable thermocycler
(Perkin Elmer) with the following parameters: 94°C 4
min, 30–45 cycles of 94°C 1 min, 50°C 1 min, 72°C 2
min, then extend at 72°C 10 min. Specific oligonucle-
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Fig. 7. PCR product for GABAA b subunits. (A): A schematic showing the position of the primers (numbers below the RNA strand), and the
expected size of the PCR product (numbers above the bar, in kbp). (B and C): Total RNA (2–5 mg) isolated from either whole retina (B) or
photoreceptors (rod and cone; C) was subjected to reverse transcription and PCR amplification using specific primers for b1, b2 and b3 subunits.
(B): All three messages were amplified from whole retina mRNA, and the PCR products were at the expected length (30 cycles). The signal for
the b2 subunit (arrow) is weak and not sufficiently specific. (C): Only the message for the b3 subunit was amplified from the isolated
photoreceptors (45 cycles). M, marker.
otide primers for the b subunits of the GABAA recep-
tor were synthesized (Gibco-BRL products, Gaithers-
burg, MD) with the following sequences:
b1:
5% primer: CAAGACCAGAGTGCCAATGAA
3% primer: GCCCTCACGGCTGCTCAGTGG
b2:
5% primer: AGATTATAAACTCATCACCAAG
3% primer: CTCGTTGTTGGCATTAGCAGC
b3:
5% primer: GATCGATCCAAGAGTGAAATC
3% primer: CGTCTTCTTGTGCGGGATGCT
Fig. 8.
Fig. 8. Tentative match of receptor localization to specialized junc-
tions at the cone synaptic complex. Schematic after Raviola and
Gilula [13]. The following numbers refer to labeled regions on the
diagram. (1) Cone-to-horizontal cell terminal: presynaptic cone
membrane with particles is presumed to include Ca2 channels for
exocytosis. Horizontal cell membrane in apposition to this region
of the cone contains intramembrane particles on the A face. This
region stains for AMPA:kainate receptor subunits (GluR2:3,
GluR4 and GluR6:7). Note that the electron-dense membrane of
the horizontal cell extends above region 1, where it does not con-
tain intramembranous particles. This is labeled region 6. (2) Cone-
to-OFF bipolar cell (basal junction): presynaptic cone membrane
and postsynaptic bipolar membrane are electron-dense and contain
particles. GluR subunits (2:3, 4 and especially 6:7) localize to the
electron-dense dendritic membrane. (3) Cone-to-ON bipolar cell:
cone membrane is electron-dense, but lacks particles. Opposing
this region is the region of bipolar dendritic membrane that stains
for mGluR6; this membrane is not electron dense. The invaginat-
ing ON bipolar cell dendrite also stains for the AMPA receptor
subunits GluR2:3 and GluR4, but their precise localization was
not determined. (4) Horizontal cell terminal-to-ON bipolar den-
drite: the presynaptic horizontal cell membrane is electron-dense,
but the ON bipolar dendritic membrane lacks intramembrane par-
ticles. GABAA receptor localize to this unspecialized region. (5)
Horizontal cell terminal-to-OFF bipolar dendrite: GABAA receptor
localize to the OFF bipolar dendrite in apposition to an ascending
horizontal cell process below the cone pedicle. (6) Horizontal cell
terminal-to-cone (predicted): at the upper slope of the synaptic
ridge, the horizontal cell membrane is electron-dense, but lacks
intramembrane particles, so it probably does not contain glutamate
receptors. This region is the only specialized region between hori-
zontal cells and cones (except region 1), suggesting it might be the
site of synaptic feedback. This membrane might express a GABA
transporter. GABA receptors (e.g. the b3 subunit) might reside at
the apposing unspecialized cone membrane.
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3. Results
3.1. Localization of the mGluR6 receptor in the rat and
monkey
The metabotropic glutamate receptor mGluR6 was
identified in the rat retina and localized to the dendritic
tips of the rod bipolar cell [25,28–30]. Activation of
this receptor by glutamate or the specific agonist 2-
amino-4-phosphonobutyric acid (L-AP4) hyperpolar-
izes this cell type via a trimeric G-protein coupled to a
second messenger cascade [31–34]. ON cone bipolar
cells are similarly hyperpolarized by L-AP4 [35,36],
implicating mGluR6 as a possible glutamate receptor
here as well. We immunostained the rat and monkey
retinas for mGluR6 and asked whether some or all ON
cone bipolar cells express mGluR6 and where it local-
izes at the subcellular level. To identify the ON cells we
first looked at peripheral cone terminals in the monkey
because here, all invaginating dendrites are ON, and
quite likely all dendrites forming basal contacts are
OFF [2]. In other mammalian retinas, this segregation
into invaginating:ON, basal:OFF, is true for most cell
types, but not all [11,37,38].
At peripheral cone terminals of the monkey, all
invaginating dendrites were stained, and all dendrites
forming basal contacts were unstained (Fig. 1). This
suggests that most, and possibly all, ON cone bipolar
cell types express mGluR6. At cone terminals of the rat,
about half of all dendritic tips contacting the cone
(41:79) stained for mGluR6 (Fig. 2), suggesting that
about half of the bipolar cell types express this recep-
tor. Many of the stained dendrites contacted the cone
at basal-like junctions. The cone membrane apposing
these stained dendrites was often electron-dense, but
whether the bipolar membrane was electron-dense or
simply dark due to the immunostain was not clear.
These contacts, therefore, may not have been true basal
junctions. Close observation of serial sections revealed
that a given dendrite may form a contact at the cone
base in one section, and occupy the central element
position in another (Fig. 3A). This is not unique to the
rat, since in the cat, cb6, an invaginating ON cone
bipolar cell, also forms basal contacts [37]. We have
therefore traced all the stained dendrites of two pedicles
in serial sections [39] and determined if they occupy the
central element of the triads. This revealed that nearly
70% (28:41) of the stained dendrites terminated as
central elements of the triad (Fig. 3), suggesting that
they are ON cells. Thus, for two species with two
different antibodies, most ON bipolar types express
mGluR6.
When staining intensity in the invaginating dendrites
(both the monkey and rat) was relatively weak, it did
not concentrate at the apex, i.e. at the region nearest
the site of vesicular release. It concentrated near the
base of the invaginating dendritic tips, particularly at
the region apposed to the cone. Just beneath the cone
membrane at this site is a layer of fluffy electron-dense
material (Fig. 4).
3.2. Localization of ionotropic glutamate receptor
subunits in the cat
The glutamate receptor in horizontal cells and OFF
bipolar cells is ionotropic (AMPA:kainate) [14,40].
However, which subunits are expressed by a given cell
type is unknown. We applied antibodies raised against
the AMPA-sensitive subunits GluR2:3, GluR4 and the
kainate-sensitive subunit GluR6:7 to the cat and mon-
key, but since staining in the cat was stronger, we used
this species for further analysis at the electron micro-
scope level [41]. Immunoreactivity for other ionotropic
glutamate receptor subunits have not been thoroughly
analyzed here, but are present in retina as shown by
light microscopy [42–44].
OFF bipolar cell dendritic tips expressed all three
subunits (GluR2:3, GluR4 and GluR6:7). The stain
was strongest at the basal contact, subjacent to the
electron-dense postsynaptic membrane (Fig. 5A). The
cone membrane at this site bears a layer of fluffy
electron-dense material, resembling that observed oppo-
site to the mGluR6 receptor. Quite unexpectedly, den-
dritic tips of invaginating bipolar cell also expressed the
AMPA-sensitive subunits (GluR2:3 and GluR4) (Fig.
5B). Whether or not this includes all invaginating den-
drites could not be determined here [41,45]. Also, we
were unable to determine if these receptors and
mGluR6 are present in the same membrane region.
Horizontal cells expressed all three subunits quite
strongly in their somas and primary dendrites, but
weakly or not at all in their terminals (Fig. 5A and B).
When stain was observed in the horizontal cell termi-
nals, it appeared at the electron-dense membrane, sub-
jacent to the presynaptic ribbon. In several instances,
we observed the stain for GluR6:7 in a tangential view
of the horizontal cell terminals sectioned just below the
ribbon. The stain was distributed along the electron-
dense horizontal cell membrane, facing the other hori-
zontal cell terminal (Fig. 5C). Apparently, the
ionotropic glutamate receptor is located on a narrow
strip of horizontal cell membrane along the synaptic
ridge.
3.3. Localization of GABAA receptor subunits in the
monkey
Since horizontal cells in the cat and monkey proba-
bly use GABA as their neurotransmitter [17], we exam-
ined the localization of the a1 and b2:3 subunits of the
GABAA receptor in the cone synaptic complex of these
species [46,47]. Both subunits were expressed in the
outer plexiform layer, in association with the cone
synaptic complex. Here we show the staining obtained
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for the a1 subunit in the monkey. The stain was restricted
to the plasma membrane (Fig. 6). Both presynaptic and
postsynaptic membranes were stained because the anti-
body recognizes the extracellular domain of the a1
subunit and the DAB reaction product in the extracellu-
lar space diffuses across the synaptic cleft. Such staining
of presynaptic membrane has been also reported in other
synapses in the central nervous system [48–50]. The
strongest stain was observed in regions of apposition
between horizontal cell processes and bipolar cell den-
drites (both OFF and ON). Regions of apposition
between horizontal cell process and cone pedicle, and
between adjacent horizontal cell processes, were un-
stained (Fig. 6).
Cone pedicles (and also rod spherules) were unstained
by antibodies to the a1 and b2:3 subunits, and by
antibodies to other subunits of GABAA and GABAC
receptors [51–56]. Possibly, the expression level is below
threshold of immunostaining. Indeed, several subunits
were found positive in the rat photoreceptors by in-situ
hybridization (a, b1, and b3) [52,54] and by reverse
transcription and polymerase chain reaction (RT-PCR;
b1 and b2) [57]. Since these data were not consistent we
re-investigated this question by RT-PCR using different
sets of primers applied to total RNA from isolated
photoreceptors.
3.4. Identification of GABAA subunits in the rat
photoreceptors
When mRNA was amplified from whole retina by
RT-PCR using specific primers for b subunits (b1, b2
and b3), all three subunits were amplified (Fig. 7A). But
when mRNA was amplified from photoreceptors, only
the b3 subunit was amplified (Fig. 7B). PCR for whole
retina and photoreceptor cDNA were processed in par-
allel. To control for possible contamination by cells from
inner retina mRNA, we attempted to amplify the GluR6
mRNA. This message could be amplified from whole
retina mRNA, but not from the isolated photoreceptors.
To control for contamination from the pipettes, we
attempted to amplify samples of water and cDNA
containing the b1 and b2 clones. These samples were not
amplified using specific primers for the b3 subunit.
4. Discussion
The glutamate and GABA receptors localized to the
cone synaptic complex by immunocytochemistry corre-
spond to junctions previously identified by morphology
[12,13,58,59]. Fig. 8 summarizes these possible corre-
spondences. AMPA:kainate receptors on the horizontal
cells populate the electron-dense membrane beneath the
vesicular release site of the cone terminal. They are
restricted to the membrane region that contains in-
tramembrane particles [13]. AMPA:kainate receptors on
OFF bipolar cells populate electron-dense membrane at
the basal junction, and this membrane also contains
intramembrane particles. mGluR6 and GABAA recep-
tors on ON bipolar dendrites populate unspecialized
regions that lack intramembrane particles. GABAA re-
ceptors at other locations in the retina and brain also lack
intramembrane particles [60–62]. The cone and horizon-
tal cell membranes that appose these receptors are
electron-dense with a fluffy submembranous material.
4.1. Implications of receptor location for synaptic
transmission at the cone synaptic complex
4.1.1. Cone to bipolar dendrite
The glutamate receptors on bipolar dendrites are all
located at relatively large distances from the site of
vesicular release. mGluR6 localizes not to the apex, but
to the base of the invaginating dendritic tip (monkey) or
to the basal-like junction (rat). Similarly, AMPA:kainate
receptors localize to basal junctions. The distance from
release sites to receptors on bipolar dendrites ranges from
80 to 1300 nm [39,58,63]. By comparison, the distance
from release sites to AMPA:kainate receptors on hori-
zontal cells is less than 20 nm. The unusually large
distance of the bipolar cell receptors may ensure that a
single vesicle will deliver a slowly rising and slowly falling
glutamate concentration, apparently matched to the
EC50 for these receptor types [64].
The cone membrane in apposition to both types of
glutamate receptor bears a noticeable layer of fluffy
electron-dense material, and this might contribute to
synaptic signaling. One idea is that this region hosts a
glutamate transporter. Such molecules are known to be
present in photoreceptors [65–68], and their location
near the postsynaptic receptor would be effective in
removing the glutamate directly from the synaptic cleft.
4.1.2. Horizontal cell to bipolar cell
GABAA receptors in the monkey are present on OFF
and ON bipolar dendritic tips. This observation is robust,
having been demonstrated with antibodies against two
different subunits. Furthermore, ON rod bipolar den-
drites stain for the GABAC receptor [55] and express a
Cl current when GABA is applied [69–71]. All of these
observations suggest that the monkey horizontal cell
terminals release GABA onto both OFF and ON bipolar
dendrites.
This is puzzling. One can easily understand the pres-
ence of GABAA receptors on OFF bipolar dendrites
because the light in the ‘surround’ would suppress
GABA release from horizontal cells, and antagonize the
hyperpolarizing ‘center’ response of the cone bipolar.
But it is harder to understand the presence of GABAA
receptors on ON bipolar dendrites. Light in the sur-
round would suppress GABA release from horizontal
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cells, and ‘facilitate’ the depolarizing center response,
which would be the opposite of what is observed
[72,73]. One way out of this conundrum would be to
hold the chloride equilibrium potential of ON bipolar
cell dendrites low enough that suppression of GABA
release would hyperpolarize the cell.
The horizontal cell membrane apposed to the
GABAA receptor on bipolar dendrites bears a fluffy,
submembranous electron-dense material. Since horizon-
tal cells probably release GABA via a transporter-medi-
ated mechanism [21,74], this region might host a
GABA transporter.
4.1.3. Horizontal cell to cone
We expected a synapse from the horizontal cell to the
cone, because of evidence that the mammalian cone has
an inhibitory surround [75,76]. However, none of the
GABAA subunits localized to cone membrane.
Nonetheless, since all of the receptors that we did
localize were present in apposition to an electron-dense
membrane, we looked for this in horizontal cell termi-
nals. At the upper slope of the synaptic ridge the
horizontal cell membrane is electron-dense (Fig. 8, re-
gion 6). Since it seems not to stain for AMPA:kainate
receptor and lacks intramembrane particles [13], it is
probably not part of the cone-to-horizontal cell
synapse. Possibly, this region represents the feedback
synapse from horizontal cell to cone. GABA receptors
might reside in apposition to this electron-dense region
at the unspecialized cone membrane. The receptor
might contain the GABAA b3 subunit since this sub-
unit was detected in photoreceptors by RT-PCR (this
study), and by in-situ hybridization [52]. Using different
primer sets, Grigorenko and Yeh [57] reported b1 and
b2 mRNA expression by RT-PCR. Therefore, the
questions of which subunits are expressed by photore-
ceptors and whether horizontal cell feedback to mam-
malian cone is exerted by GABA or a different
neurotransmitter remain unsettled.
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